ABSTRACT-Ascites hepatoma cells grown in Wistar rats were incubated anaerobically in the absence of glucose or in the presence of both glucose and D(+)glucosamine, or monoiodoacetate, or NADH, which interfered with glycolysis at different steps and with different mechanisms: Under all these conditions the incorporation of amino acids into the proteins of hepatoma cells was severely reduced without any clear relationship to the degree of inhibition of glycolysis. The pastmitochondrial supernatants showed defective incorporation only when obtained from cells incubated in the absence of glucose or in the presence of monoiodoacetatej inhibition of glycolysis by glucosamine and NADH did not seem to affect the subcellular basis for protein synthesis. When present, the defect of the postmitochondrial supernatants was due to deficient activity of the cell sap (monoiodoacetate and absence of glucose) and to disaggregation and reduced functional capacity of the palysomes (absence of glucose). The results suggested that the effects of the inhibition of glycolysis on protein synthesis and on the integrity of the protein-synthesizing machinery-which were primarily due to the depletion of the energy stores-might have been modified by the particular mechanism of action of the inhibitor and by the way low levels of ATP were reached in the cell.-J Natl Cancer Inst 58: 645-650, 1977. Investigations with tumor cells, either survIving or cultivated in vitro, have clarified many points on the relationships between energy metabolism and protein synthesis (1-5). However, it is still largely undefined if and to what extent ATP deficiency may also affect protein synthesis indirectly through the damage caused to the subcellular structures responsible for the process in the living cells. We have investigated this problem on the basis of the following considerations. If the inhibition of protein synthesis by ATP deficiency were due only to the actual interference with the energy-requiring steps of the process, cell-free preparations derived from energy-depleted cells and incubated in a suitably supplemented medium should behave normally; on the contrary, if the ultrastructural basis for protein synthesis is compromised, cell-free systems should also be affected and further fractionation could help to define the subcellular site(s) of injury. Reduction of respiration by addition of respiratory inhibitors to aerobically incubated tumor cells cannot greatly reduce energy stores as glycolysis is released under these circumstances; it is well known that loss of A TP by diminished respiration is balanced by an approximately equal gain of ATP by an increased rate of lactate production (6). Anaerobically incubated cells, such as those used in the present experiments, can still produce ATP by an active glycolysis and carryon protein synthesis; but the inhibition of glycolysis by suitable inhibitors, or by lack of glucose for purpose of comparison, would therefore curtail the only possible energy-yielding pathway. Of the substances used in this study, MIA and glucosamine have long been known as glycolytic inhibitors, but the activity of N AD H has been demonstrated more recently (7, 8) . Since some of these inhibitors of glycolysis may also have a definite direct effect on protein synthesis, some aspects of this problem have also been investigated. 
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MATERIALS AND METHODS
Tumor cells. -Yoshida ascites hepatoma cells grown in Wistar rats were used 7-9 days after transplantation. They were isolated from the ascitic fluid by centrifugation for 10 minutes at 800Xg, washed twice in 0.9% NaCI, and to each gram of cell pellet was added 1 mlof Krebs-Henseleit bicarbonate saline, pH 7.4, containing (final concentrations): NaCI, 119 mM; KCI, 4.7 mM; CaCI 2 , 2.5 mM; KH 2 P0 4 , 1.18 mM; MgS0 4 , 1.18 mM; and NaHC0 3 , 25 mM. All the operations were carried out in the cold and the cells were kept under N 2 +C0 2 (95:5). The suspensions contained 60 mg dry weight of cell/ml, corresponding to about 300 mg wet weight, based on the assumption of 80% content of water in the tumor cells (9) . As emphasized by Bickis and Quastel (6), it is extremely important that the cell density per vessel in different experiments be kept constant to ensure reliable results and comparable responses to the inhibitors. Throughout the paper the term "control" is used to indicate tumor cells incubated with glucose but without any inhibitor.
Chemicals.-Enzymes, substrates, cofactors, and nucleotides for the incorporation mixtures, as well as NADH (sodium salt) were obtained from C. 14 C]leucine and the glycolytic inhibitors at the following final concentrations: MIA, 0.2 mM; D(+)glucosamine, 20 mM; NADH, I mM. After 5 minutes of thermal equilibration, the incubation was started by the addition of glucose (in saline) to give a final concentration of 30 mM (8 mM in the samples containing glucosamine and in the corresponding controls), or saline in the samples where the effects of the absence of glucose were investigated. Incubations were carried out at 37° C for 30 minutes, and N 2 +C0 2 (95:5) was slowly passed through the vessels during the period of incubation. At 0 and 30 minutes, O.I-ml samples were taken in duplicate, processed for the measurements of the radioactivity incorporated into protein (10) , and counted in a liquid scintillation spectrometer at 65% efficiency (SE, ±5%) for all the samples ABBREVIATION USED: MIA = monoiodoacetic acid. (11) . Incorporation was calculated as the difference between 30 minute and 0 time values. Amino acid incorporation, as well as lactate production and ATP, measured in the controls, were the same in the presence of either 30 mM or 8 mM glucose; therefore, the results of the experiments done with control preparations and 8 mM glucose were omitted from the tables for simplicity.
Incubation of the cells awl preparations of subcellular fractions.-Incubations were carried out as described above, but the volume of the incubated material was raised tenfold and the radioactive tracer was omitted. After 30 minutes, the incubation mixture was transferred to centrifuge tubes, the cells were sedimented by centrifugation at 1 ,600Xg for 2 minutes, washed, and finally suspended (0.5 ml/g wet cells) in a hypotonic medium containing 10 mM KCI, 2 mM MgS04' and 10 mM Tris-HCI, pH 7.8. Disruption of the swollen cells was carried out in 5 seconds at maximum speed by means of an Ultraturrax stainless steel homogenizer (Janke and Kunkel KG-IKAWERK, Staufen i.Br., F. R. G.). The concentration of the medium was then brought to 250 mM sucrose, 25 mM KCI, 10 mM MgS0 4 , and 35 mM Tris-HCI (sucrose-TKM), and the homogenate was centrifuged at 30,000Xg for 20 minutes in an IEC B-20 centrifuge, to get the postmitochondrial supernatant n-S 30. We filtered 3-ml portions of the n-S 30 through a column of Sephadex G-25 (coarse; 1 x20 cm), and then collected the first half of the samples (f-S 30) for the incorporation experiments. The protein contents of the f-S 30 (and of the n-S 30 when appropriate) were equalized after protein determination by the standard biuret test (12) , but the final calculation of incorporated radioactivity was based on the RNA content of the preparation, estimated by the orcinol method (13) . Ribosomes and cell sap were prepared by further fractionation of n-S 30 (14) . Before use, they were diluted to a standard concentration of protein (cell sap) or RNA (polysomes); in the latter case, for a quick estimate of the RNA content, the polysome suspensions were read at 260 nm, but the final calculation of the incorporated radioactivity was always based on the orcinol method, carried out on separate aliquots of the same suspension.
Normal ribosomes and normal cell sap, for the experiments with either cell sap or ribosomes from treated cells, were prepared from newly harvested tumor cells. Cell sap was filtered through Sephadex G-25, brought to a standard protein content, and stored under liquid nitrogen. Incorporation experiments with cell-free preparations were carried out as described in (14) .
Polysome size-distribution patterns . -The n-S 30 was treated with deoxycholate (1 % final concentration), layered over 15-50% sucrose-TKM gradients, and centrifuged at 40,000 rpm for 150 minutes in the SW 40 rotor of the L65 B Spinco centrifuge. The gradients were then passed by continuous flow through a spectrophotometer and absorption at 260 nm was read and automatically recorded.
Lactate and ATP.-Tumor cells were incubated as described above. At 0 and 30 minutes, 5 ml of the incubation mixtures was taken, deepfrozen in liquid nitrogen, and homogenized (15) . The homogenates in 6% (wt/vol) J NATL CANCER INST HCI0 4 were then processed as described in (16) . The neutralized supernatants were removed from the precipitated KCI0 4 by pipette and used for the analyses (15, 16) . All measurements were made either in a Beckman DU 2 or a Gilford 2400 automatic reading spectrophotometer fitted with a scale expansion accessory and a cuvette holder, maintained at 25° C. Glycolysis was calculated as the difference between the 30-and O-minute time values.
RESULTS
The capacity of incorporation of [14C]leucine into protein (hereinafter called "incorporation") was studied with surviving ascites tumor cells and various kinds of cell-free preparations.
Whole Ascites Tumor Cells
In these experiments interference with glycolysis occurred during the actual period of incorporation. Both lactate production and amino acid incorporation were significantly different from the control (P<0.05), i.e., they were decreased under all tested experimental conditions; however, there was no strict relationship between inhibition of glycolysis and inhibition of incorporation (table 1) . The highest inhibition of glycolysis was caused by the omission of glucose, but under this condition incorporation was in the same range as with NADH (24 and 19% of control, respectively). Again, the rates of glycolysis in the absence of glucose and in the presence of MIA were very similar (3 and 7% of control, respectively) but the corresponding rates of incorporation were the highest and the lowest found in this series of experiments (24 and 4% of control, respectively). On the contrary, the level of A TP in the cells at the end of the incubation followed the efficiency of lactate production. The discrepancy between response of incorporation and response of glycolysis was likely due to some direct action of these glycolytic inhibitors on incorporation, and possibly to the fact that they blocked glycolysis at different steps, thus causing the accumulation of metabolic intermediates which might in turn have interfered with protein synthesis. With one and the same inhibitor, such as MIA, the relationship between inhibition of glycolysis and interference with incorporation was better defined. This has been seen by making use of the fact that inhibition of glycolysis was particularly pronounced if the cells were loaded with MIA before the addition of glucose; in this case 92% inhibition of glycolysis was associated with about the same inhibition of incorporation. When glucose and MIA were both added at the start of the experiment lactate production in the following 30 minutes of incubation was 52% of the control, and incorporation in the same interval was 63% of the control (table 2) .
The removal of mitochondria ensured that incorporation by this system was due entirely to the activity of cytoplasmic ribosomes. The filtration of n-S 30 through a column of Sephadex G-25, which reportedly removes low-molecular-weight inhibitors of protein synthesis from the preparation (17) , increased the incorporation capacity about I5-fold. As ATP and the energy-regenerating system were added in standard amounts to the medium, the efficiency of the incorporation by f-S 30 depended essentially on the integrity of the polysomes and the catalytic capacity of soluble components. Incorporation was clearly inhibited only in the preparations derived from cells incubated either in the absence of glucose or in the presence of MIA (P<0.05; statistical significance vs. control at 30 minutes of incubation); the inhibition was less pronounced and statistically not significant in the f-S 30 from cells incubated with NADH and completely disappeared in the f-S 30 obtained from glucosamine-treated cells (text- fig. 1 ).
The inhibition of incorporation by the f-S 30 from cells incubated with MIA was certainly not due to the action of MIA present in the cell-free system; first of all, owing to its low molecular weight, MIA was probably removed by gel filtration as carried out in our experiments; and second, as seen in some side-experiments, the addition of 0.2 mM MIA to f-S 30 from unincubated cells had no effect on incorporation, which was always in the range of the corresponding controls. On the contrary, upon addition of glucosamine, which is an inhibitor of protein synthesis (18, 19) , we obtained the following inhibitions of incorporation (concentrations of glucosamine are shown in parentheses): 72% (20 mM); 62% (10 mM); 53% (5 mM). Glucosamine is certainly removed from n-S 30 by Sephadex filtration as demonstrated by the following facts: First, f-S 30 derived from cells incubated in the presence of glucosamine carried out the incorporation reaction normally. Second, the addition of 20 mM glucosamine to a sample of n-S 30 before filtration did not affect the incorporation capacity, which was the same as that of an analogous sample without glucosamine, filtered through an identical Sephadex column at the same time. Whether the glucosamine inhibited the cell-free preparations directly on VOL. 58, NO some stages of incorporation, or was mediated by the trapping of ATP added to the cell-free system, could not be determined on the basis of these experiments. In any case, glucosamine did not affect irreversibly either the polysomes or the soluble factors of the cells, as was shown by the disappearance of the effect in a cell-free system deprived of glucosamine by gel filtration. The observation of the polysomal size-distribution patterns (text- fig. 2 ) shows that only the one obtained from cells incubated in the absence of glucose was appreciably modified, with an increase in monosomes and a decrease in the number of polysomes. This is consistent with inhibition of protein synthesis at the initiation step. In all other cases the patterns were well preserved; in the presence of inhibition of protein synthesis this is generally taken as indicating impairment of synthesis at the elongation stage (20). Therefore, lack of glucose and presence of inhibitors of glycolysis seemed to lead to the same final result, i.e., inhibition of protein synthesis by interference at different levels. The defect of incorporation seen with the f-S 30 from anaerobically incubated cells in the absence of glucose was essentially reversible when glucose was added to the cells during the incubation. The f-S 30 from cells incubated at first in the absence of, and then in the presence of, glucose recovered most of its incorporation capacity (text- fig. 3 ). Polysomes were obtained from the same pool of tumor cells, either immediately before the start of incubation or after 30-minute incubation at 37° C with glucose (control), without glucose, and with glucose plus MIA (text- fig. 4 mixed with the same batch of cell sap obtained from newly harvested tumor cells, filtered through Sephadex G-25, and stored in liquid nitrogen. The omission of glucose from the medium had a significant effect on incorporation of the polysomes (P<O.Ol) but the presence of MIA was ineffective; therefore, the effect of MIA on f-S 30 can only be explained as an interference with soluble factors contained in the cell sap.
Cell Sap
The same experimental design was repeated with cell saps from treated cells used to support the incorporation activity of normal polysomes that were obtained from newly harvested tumor cells, pelleted, and stored in liquid nitrogen. The absolute values of incorporation varied rather widely from one experiment to another, but text- figure 5 shows that within the same experiment with the same preparation of ribosomes, the cell sap obtained from tumor cells incubated either in the presence of MIA or in the absence of glucose was less TEXT-FIGURE 5. effective in supporting incorporation in vitro. For reasons already discussed above, the defect of the cell sap from MIA-treated cells could not be attributed to the actual presence of the inhibitor in a free state; but MIA might have reacted and combined with the functional groups of some enzymes involved in the incorporation reaction, which would thereby be inactivated. The defect of f-S 30 can therefore be interpreted as the result of the functional inadequacy of its components, namely, cell sap in the case of MIA-treated cells, and both cell sap and ribosomes in the case of glucose deprivation.
DISCUSSION
In this paper we have tried to see primarily if, how, and to what extent different ways of inhibition of glycolysis-and concurrent energy depletion-would affect the integrity of the protein-synthesizing machinery of ascites hepatoma cells and lead to subsequent impairment of amino acid incorporation by cell-free preparations; secondarily, we tried to consider if different ways of inhibition of glycolysis would lead to different degrees of inhibition of amino acid incorporation by ascites hepatoma cells incubated in vitro.
With regard to the first point we can say that the way through which energy depletion is attained may be important. Incorporation by cell-free preparations is compromised only when these are obtained from cells incubated in the absence of glucose or in the presence of iodoacetate-not with glucosamine and NADH. With glucosamine and NADH the decrease of A TP levels may be caused, at least in part, by mechanisms unrelated to ATP production, such as phosphate trapping in the case of glucosamine (18, 21) , or changes in the redox state, with concurrent variations of the energy state (22) in the case of N AD H. This is consistent with the observation that in both cases lactate production is inhibited, but not almost suppressed as happens in the presence of MIA or in the absence of glucose; under the latter circumstances reduction of the energy stores is likely to result mainly from a drastic suppression of A TP generation. When glycolysis is suppressed by lack of glucose, inhibition of amino acid incorporation results from interference with the initiation step, as demonstrated by monomerization of the polysomes. However, in the case of inhibition of glycolysis by chemical agents-at least those used in the present research work-"freezing" of the polysomes indicates that the same final result is reached in a different way. With MIA another possibility cannot be ruled out, i.e., the reaction of this substance with soluble factors of protein synthesis, located in the cell sap, which thereby become inactive in incorporation.
With respect to the second point, in whole cells a relationship between inhibition of glycolysis and impairment of incorporation is seen dearly only within the same experimental condition, i.e., when different degrees of inhibition of glycolysis are obtained by using the same inhibitor, either by varying its concentration or changing the conditions of the experiments. When discrepancies or large disproportions in response between inhibitions of the two processes arise, direct effects of VOL. 58, NO. 3, MARCH 1977 the inhibitors on incorporation are likely to playa role, in addition to the impairment of the energy state of the cell.
The present results suggest that the effects of the inhibition of glycolysis on protein synthesis and the integrity of the protein-synthesizing machinery-which are primarily due to the depletion of the energy storesmay also depend on other factors, in particular on the way by which low levels of ATP are reached in the cell. 
